ABSTRACT: Benthic epifauna was sampled in an area of 10 ×10 nautical miles in the German Bight. Samples were collected in January and July/August from 1998 to 2007 with a standard 2 m beam trawl. The epibenthic communities were severely affected by the cold winter in 1995-1996, which also resulted in high abundance and biomass of the opportunistic brittle star Ophiura albida, in connection with low diversity observed at the beginning of our study period. In the following years winter bottom temperature increased simultaneously with the decrease of O. albida and the increase in abundance and biomass of other species. It appears that these changes were caused by trophic interactions as well as mild winters, which resulted in lower mortality, higher reproduction and higher food supply for benthic fauna due to enhanced primary production. Additionally diversity increased and species such as Astropecten irregularis, Corystes cassivelaunus, Crangon crangon and Crangon allmanni revealed distinct seasonal patterns caused by migration, mortality and reproduction cycles. The changes in community structure are discussed in relation to the general warming trend of the North Sea, which is linked to a phase of continuously increasing North Atlantic Oscillation Index (NAOI) since the late 1980s. We found evidence that climatic variability influenced recruitment success, mortality and migration patterns of epifaunal species. 
INTRODUCTION
There is much evidence that marine ecosystems have been influenced by climate fluctuations on a large scale (Ottersen et al. 2001 , Stenseth et al. 2002 . In the North Sea ecosystem, a regime shift occurred in the late 1980s that affected most trophic levels including phytoplankton, zooplankton, benthic infauna as well as fish and birds . These changes were linked to a phase of continuously increasing North Atlantic Oscillation Index (NAOI after Hurrel 1995) since the late 1980s that was associated with increasing westerly winds, Atlantic inflow and increasing sea-surface temperature (SST) (Kröncke et al. 1998 . Synchronous changes in marine ecosystems were also observed in the Baltic Sea and on an Atlantic-wide scale (Alheit et al. 2005 , Reid 2005 ).
However, the trend of increasing NAOI which commenced in the late 1980s was interrupted by the reversal of the index in 1995-1996 resulting in cold winter conditions in the North Sea region. Severe winters were linked to low NAOI values leading to fewer and weaker winter storms crossing the Atlantic Ocean in more of a west -east pathway and resulting in cold winter temperatures in North Europe (Hurrell 1995) . There is a large body of literature revealing that severe winters affect benthic infauna, often dramatically. This is reflected in decreasing species number, abundance and biomass, often due to the direct influence of temperature on the mortality of species (Ziegelmeier 1970 , Buchanan & Moore 1986 , Beukema 1992 , Kröncke et al. 1998 , Reiss et al. 2006b ). In contrast, little is known about the effects of severe winters on epifauna communities. Compared to the relatively stationary infauna, the benthic epifauna is more mobile and may, thus, be able to avoid unfavourable conditions, which is reflected in strong seasonal migration patterns of species (Boddeke 1976 , Choy 1991 , Freeman et al. 2001 .
We started an epifauna time series in 1998, 3 years after the severe winters of [1995] [1996] . Our data provide new information concerning the effect of severe winters on an epifauna community in the German Bight, and the subsequent recovery of the community. With respect to the climate debate, our aim was to assess the influence of mild winters, in conjunction with increasing water temperatures, on the seasonal and annual variability of epifauna in the German Bight.
METHODS AND DATA
The 10 × 10 nautical mile (n mile) area of investigation was situated about 25 n miles northwest of the Island of Helgoland, in close proximity to the 30 m depth contour near the former glacial valley of the River Elbe (54°17' to 54°27' N and 006°58' to 007°15' E) (Fig. 1) . The mean depth of this area is 40 m and the water column is generally well mixed throughout the year. The sediments in the study area consist of > 20% (< 63 µm fraction) mud in the south-west corner gradually decreasing towards the north-east corner (0 to 5%). The time series started in 1998, and the data has been included in the German Small-scale Bottom Trawl Survey (GSBTS) (see Ehrich et al. 2007 for further information). Since that year, epifauna was sampled twice a year in January (1st quarter) and in July to August (3rd quarter) on board the fisheries research vessel (FRV) 'Walther Herwig'. Sampling did not take place in winter 1998 and 1999 due to ship time constraints.
Beam trawl sampling
Epifauna was sampled with a standardized 2 m beam trawl made of galvanized steel with a chain mat attached. The beam trawl was fitted with a 20 mm net and a cod end of 4 mm mesh size. A depth-finding sonar (Scanmar) was attached to the top of the net just behind the steel beam to determine the exact time and position of contact with the seabed. From the moment of contact with the seabed the beam was towed at a speed of about 1.5 to 2 knots for 5 min. Altogether, 153 beam trawls were taken from 1998-2007. In general, 9 replicates were taken in each sampling season but the replicate number varied between 3 (winter 2000) and 13 (winter 2004) mainly due to adverse weather conditions. On average, 8.5 replicates were taken.
Sample treatment
Samples were sieved (5 mm mesh size) and epibenthic fauna were separated from the remains. The majority of species were identified on board. Unidentified species were preserved in a 4% seawater formalin solution for later identification in the laboratory. Abundances were counted and wet weights of the epifauna were determined using a motion-compensated marine scale (Pols) with an accuracy of 1 g. Modular epifauna were recorded as present or absent and, if possible, weighed. All animals were identified to the lowest possible taxonomic level.
Data analysis
Sampled infauna species were excluded from the analysis because sampling gear was not appropriate for representative sampling of these species (Reiss et al. 2006a) . Small epibenthic fishes such as Arnoglossus laterna, Buglossidium luteum and Pomatoschistus minutus were included. Abundance and biomass data were standardised to a tow length of 250 m (area sampled = 500 m 2 ). Shannon-Wiener Index H ' and species richness (total number of species) were calculated to assess diversity changes during the study period. Abundance, biomass and diversity measures were given as mean values for the corresponding year/season. Non-metric multidimensional scaling (nMDS) in the PRIMER v. 6 package (Plymouth Marine Laboratory) was used, based on untransformed and 4th root transformed abundance data. Both transformations were used in order to analyse the influence of only common species (untransformed) as well as rare species (4th root) on the similarities between years/seasons. Significance tests for temporal differences in 242 Fig. 1 . Location and depth of the study area in the North Sea community structure were performed using ANOSIM randomisation tests. Similarities were calculated using the Bray-Curtis coefficient. Species which were predominantly responsible for the dissimilarity between clusters were determined with the similarity percentage analysis (SIMPER) of PRIMER.
Temperature data
Epifauna sampling was supplemented by hydrographical measurements (CTD profiles) during the surveys. In general, 15 profiles were taken in each sampling season but the replicate number varied between 9 (summer 1999) and 22 (winter 2004) . A total of 245 CTD profiles were taken from 1998-2007. Surface and bottom temperature during the sampling period were given as average temperature per year and season.
RESULTS

Temperature
Surface as well as bottom temperature varied considerably between winter and summer in the study area (Fig. 2) (Fig. 4) . Thus, lowest values of both parameters were found at the beginning of the 
Species abundance and biomass
In the beginning of the study period, the brittle star Ophiura albida was the most dominant species in terms of both abundance and biomass ( In contrast to Ophiura albida, Asterias rubens and Astropecten irregularis, abundance and biomass of other species were generally low in the beginning of the study period (Figs. 5 & 6) . Buglossidium luteum and Arnoglossus laterna were the first species to conspicuously increase in abundance; both species more than 3-fold between summer 2000 and winter 2001. In the following season, abundance as well as biomass increased continuously to mean peak values of 117 ind. ). Abundance as well as biomass of B. luteum, A. laterna and P. minutus was highly variable, but again were not as low as in the first 3 to 4 seasons of the study period.
Abundance of the swimming crab Liocarcinus holsatus increased suddenly in summer 2003 (Fig. 6) ; 138 g 500 m -2 ), respectively. Both species revealed a strong seasonal pattern with higher abundances and biomasses in the winter season. An opposing seasonal pattern -as well as slightly higher levels of abundance and biomass over the study period -was observed for the masked crab Corystes cassivelaunus ( ; Table 1 ). In combination with changes in abundance of Asterias rubens (7%), Pomatoschistus minutus (7%), Crangon crangon (6%), C. allmanni (4%), Liocarcinus holsatus (3%) and Buglossidium luteum (2%), the brittle star O. albida contribute 95% to the dissimilarity in the community structure ( Table 1) .
The nMDS analyses based on 4th root transformed abundance data show distinct seasonal differences in the community structure from 2001 to 2007 (30%; Fig. 7b ) (ANOSIM, R = 0.512, p = 0.001). These differences resulted mainly from the seasonal patterns in abundance of species such as Crangon crangon, C. allmanni, Corystes cassivelaunus, Pomatoschistus minutus, Asterias rubens and Liocarcinus holsatus. These species contribute 43% to the seasonal dissimilarity in community structure from 2001 to 2007 (Table 2) .
DISCUSSION
The regime shift occurring in the North Sea starting ca. 1988 was characterised by a period of mild winters, which were linked to a phase of continuously increasing NAOI (see Section 1). A number of simultaneous physical and biological changes ca. 1988 in the North Sea, the Baltic Sea and broadly over the Atlantic have since been considered as a regime shift , Beaugrand 2004 , Alheit et al. 2005 , Reid 2005 . Beaugrand (2004) hypothesised that the regime shift in the North Sea resulted from the conjunction of 3 main features: (1) a change in local hydroclimatic forcing; (2) a displacement of oceanic biogeographical boundaries to the west of the European shelf; and (3) an increase in oceanic inflow into the North Sea.
Regional hydro-climatic parameters such as wind intensity/direction and SST are strongly related to the NAOI (Dippner 1997a . Thus, the period after the regime shift was characterised by continuously increasing NAOI in conjunction with increasing SST. Beare et al. (2002) found an increase in Edwards et al. (2002) . This warming trend is reflected in the temperature data of the present study by a general increase in winter bottom and surface temperature over the study period. However, the general warming trend was interrupted by the severe winter of 1995-1996 associated with an extreme negative NAOI (-3.78), which, from one year to the next, flipped from being one of the most positive values to the most negative value in this century (ICES 1999) . At a station close to the study area, Reiss et al. (2006b) found a mean SST in March 1996 of 3.4°C below the long-term average . Also, in the following winter (1996-1997; NAOI = -0.17) the mean SST was up to 2°C below this long-term mean in and around the study area (Reiss et al. 2006b ), indicating a slow recovery of temperature from the cool event in 1995-1996, following a slightly higher NAOI.
Effects of the severe winter
Generally, severe winters enhance winter mortality, and reduce reproduction and production (often dramatically), resulting in a decrease in species number, abundance and biomass. For example, Beukema (1992) found that one third of infaunal species on tidal flats in the Dutch Wadden Sea died during cold conditions, and macrofaunal communities of the Northumberland coast revealed reduced diversity and increased survival of dominant species after severe winters (Buchanan & Moore 1986 ). Additionally, the period after severe winters is characterised by a highly successful recruitment of r-selective opportunistic species (Ziegelmeier 1970 , Kröncke et al. 1998 , Schröder 2005 .
We started our epifauna series in summer 1998, about 2 yr after the severe winter of 1995-1996. The temperatures in the southern North Sea increased in 1998, continuing the recovery from the cold winter and following the reversal of the NAOI during the preceding winter (ICES 1999) . The most prominent development at the beginning of our study period was the outbreak of Ophiura albida, followed by the continuously decreasing abundance of this brittle star from 1998 to 2007, resulting in a community shift in 2002. In the sandy and muddy areas of the German Bight up to 40 m depth, O. albida represents a characteristic element of the epibenthos and contributes significantly to total abundance and biomass (Dahm 1993 , Callaway et al. 2002 . The sediment preference of O. albida in the German Bight is not yet known. Tyler & Banner (1977) found a correlation between fine sediments and the distribution of O. albida in the Bristol channel and these both correlated with the energy distribution of the hydrodynamic regime. They concluded that the settlement of both fine sediment and newly metamorphosed larvae of O. albida have the same sedimentation rate. However, no similar results for the German Bight have yet been published, but the main distribution areas of O. albida in the extended German Bight correspond with areas of high sedimentation rates and unique hydrodynamic regimes (Frisian frontal area and westerlies of Helgoland) (H. Neumann unpubl. data).
Data on the temporal variability of Ophiura albida are sparse. Reiss & Kröncke (2004) studied the seasonal variability of an epibenthic community south of the study area between November 2000 and May 2002. They found very high abundance of O. albida in the summer months and low values in the winter months, which largely correspond with our data in the same period. During oxygen deficiency in the early 1980s, O. albida was found near the Danish west coast and in the southeastern German Bight (Dethlefsen & von Westernhagen 1983 , Dyer et al. 1983 , Niermann et al. 1990 ). In both areas, O. albida revealed higher mortality during 1982-1983 under oxygen deficiency, but also a fast recovery and high abundances under normal oxygen conditions in 1984-1985, probably due to its general high tolerance to low oxygen (Vistisen & Vismann 1997) and its r-selected life history (Dahm 1993) . In addition to its high tolerance to low oxygen and temperature (Ursin 1960) O. albida is small in size (adults = 9 mm), short -lived (3 to 9 yr), fast -growing and revealed a high productivity per year (Dahm 1993 ) of 7 dominant species in winter and summer with their contribution to the dissimilarity (%) between the seasons winter 1995-1996 in the study area. This indicates, that (1) the mortality of O. albida was low during the severe winter due to its high tolerance to low temperature (Ursin 1960) and (2) the high abundances of O. albidaand thus low diversity at the beginning of our studywere a direct effect of the severe 1995-1996 winter.
Similar patterns after severe winters were found for benthic infauna by Kröncke et al. (1998) , who found rselective polychaetes such as Spiophanes bombyx and Scoloplos armiger favoured by cold conditions in the sublittoral zone off Norderney. This was also found by Schröder (2005) in the German Bight close to the study area, and their results confirmed those of Ziegelmeier (1970) , who observed unusual high abundances of S. bombyx after the severe winter of 1963-1964 near the island of Sylt. Ziegelmeier (1970) explained the high abundances of S. bombyx with the absence of the mussel Fabulina fabula (which feed on polychaete larvae) after cold winters. The absence of predators on O. albida larvae and post larvae due to cold winter temperatures could additionally be responsible for high abundance of the ophiurid in our study. Reproduction of O. albida is a well defined annual cycle: initiation of gametogenesis between October and December; first spawning in late May and early June; and spent adults and planktonic larvae up to early October (Tyler 1977) . Thus, the absence of predators on larvae and post larvae of O. albida in October 1995 could have resulted in high recruitment success in 1996, which was confirmed by I. Kröncke et al. (unpubl) in the sublittoral zone off Norderney. They found an unusually high abundance of juvenile ophiurids (1240 ind. m -2 ) in the 630 µm sieve remains in summer 1996, confirming our hypothesis and indicating a successful large-scale recruitment of this species in the German Bight.
Recovery after the severe winter
The general temporal pattern in the study area after the outbreak of Ophiura albida showed the decrease of the ophiurid parallel to the increase in the abundance and biomass of other species (e.g. Buglossidium luteum, Arnoglossus laterna, Liocarcinus holsatus), resulting in a community shift in summer 2002. Additionally, diversity (Shannon-Wiener Index and species richness) increased, and species such as Astropecten irregularis, Corystes cassivelaunus and the Crangonidae revealed distinct seasonal patterns, clearly reflected in the results of the nMDS analysis (based on 4th root transformed data). All these patterns, beginning with the outbreak of O. albida, were characteristic succession stages of a developing benthic community after a catastrophic event (Arntz & Rumohr 1982) . Arntz & Rumohr (1982) suggest the occurrence of seasonal variability in particular forms a decisive part of 'stability' in benthic communities after a 'catastrophe' in temperate areas with a highly dynamic physical regime. A distinct seasonal pattern after the community shift observed in this study is apparent for the shrimps Crangon crangon and C. allmanni (with high abundance and biomass in winter) and for C. cassivelaunus and A. irregularis (with high abundance and biomass in summer). C. crangon migrates offshore during autumn, from the Wadden Sea towards the German Bight, and migrates back towards nearshore coastal areas in early spring (Boddeke 1976 , Reiss & Kröncke 2004 ). An inverse migration pattern with inshore migration during winter and offshore migration during summer was found by Allen (1960) for C. allmanni on the Northumberland coast. In contrast, Creutzberg & van Leeuwen (1980) detected no migration pattern for C. allmanni in the southwestern North Sea, and attributed abundance changes to mortality in summer. This is supported by Blahudka & Türkay (2002) , who found the only reproducing population of C. allmanni in the Helgoland Trench (German Bight). They also hypothesised a link between the higher winter abundance and currents and water masses. Thus, we assume that C. allmanni in the study area originate from the Helgoland Trench and that the seasonal variability is caused by summer mortality and hydrodynamic changes, and not by migration. The seasonal variability of C. cassivelaunus in the study area reflects its reproductive cycle, since this species spends much of the time buried in sediment, which it only leaves during the breeding season in summer (Hartnoll 1972 , Reiss & Kröncke 2004 . Freeman et al. (2001) found that A. irregularis migrates to deeper water in winter to avoid low temperatures and stormy conditions.
The severe winter in 1995-1996 was a climatetriggered catastrophic event comparable to anthropogenic events such as pollution or dredging. Especially in a shallow, well mixed region such as the German Bight, the effects of climate variability were strongly linked to temperature, not only in severe winters but also in mild periods. Temperature and food supply are regarded as the main structuring factor for benthic communities at a temporal scale (Clark & Frid 2001 ). As described above, a continuous recovery towards positive NAOI values from 1996 to 2000 was clear, indicated, in particular, by the resumption of many of the ocean-climate features associated with that positive phase (ICES 2000) . In the winter preceding 2001, the NAOI again became negative, but the strong effect seen during the 1996 switch was not observed (ICES 2002) . The NAOI for the period 2002 to 2006 was in neutral or weak mode (-1.89 to 2.8) and did not have a strong influence on oceanic variability (ICES 2004 (ICES , 2005 (ICES , 2006 (ICES , 2007 . However, the trend from 1996-2006 has been a combined effect of warming together with a significant increase in length of the warming season in the southern North Sea (ICES 2007) , which is reflected in an increasing trend in winter bottom temperature in the study area (~3°C, 1998-2007 (ICES 2004 (ICES , 2005 . In October and November 2005, SST was the highest it had been since 1971, resulting in SSTs that were 2°C warmer than normal in autumn/winter (ICES 2006) . The autumn 2005 SST was then exceeded in October 2006; this SST value was 2.4°C above the climatological mean , and the SST of December of the same year was 1.7°C above the climatological mean. These extreme values, in conjunction with the general warming of the North Sea, resulted (for several years) in vegetation periods (i.e. periods of primary production) that were considerably longer than normal (ICES 2007) .
In general, mortality is lower and reproduction higher during mild winters in comparison to cold winters. Also primary production starts earlier in mild years, and may last the whole year, which could result in a higher food supply for benthic fauna (Kröncke et al. 1998 . Additionally, according to Beukema (1992) , benthic communities are more affected by biological interactions (such as predation) after mild winters. Thus, high abundance and biomass of many species after the community shift in 2002 (e.g. Liocarcinus holsatus, Pomatoschistus minutus, Crangon allmanni, C. crangon) could be attributed to enhanced primary production due to increased insolation, which leads to higher food supply for epibenthic fauna. This was supported not only by the general warming trend, but also -and in particular -by the exceptionally warm autumn SSTs. Species, which benefitted from this higher food supply and increased in abundance were also potential predators on Ophiura albida, such as the flatfishes Buglossidium luteum and Arnoglossus laterna. Both species have a varied diet that includes polychaetes, crustaceans and echinoderms (Nottage & Perkins 1983 , Darnaude et al. 2001 . Nottage & Perkins (1983) observed that the solenette B. luteum consumes any item which falls within the size range that it finds manageable. One might assume a high predation pressure of these 2 predators on O. albida, since high predator abundance and biomass correspond with low prey abundance and biomass. P. minutus and L. holsatus might also feed on O. albida because both are generalists, feeding on any organism of appropriate size and texture (Choy 1986 , Aarnio & Bonsdorff 1993 . This is supported by Fonds (1973) , who found an increase of P. minutus following the severe winter of 1962-1963, which he posited was due to an increase in food supply. Additionally, Aronson (1989) found that swimming crabs such as L. holsatus and Asterias rubens, which both increased in abundance in the study area, feed intensively on brittle stars in British waters.
Furthermore, temperature directly influences key stages of reproduction, such as gametogenesis and spawning, with pronounced effects on recruitment. Species such as Liocarcinus holsatus, Arnoglossus laterna or Pomatoschistus minutus revealed higher recruitment success in the period from 2002 to 2004, which might be related to the higher food supply (see previous paragraph) and/or the direct influence of temperature on reproduction. For example, the larval development (from hatching to metamorphosis) of L. holsatus is faster with increasing temperature (Choy 1991) . Larvae of the sea urchin Echinocardium cordatum (Kirby et al. 2007) , as well as of many decapod crustacean larvae (Lindley et al. 1993) , were found in the plankton in higher abundances and/or earlier due to temperature-induced shifts in the reproduction cycle. This is supported by Greve et al. (2001) , who found that temperature modifies the beginning, end, length and intensity of the seasonality of zooplankton populations (including meroplankton). Dippner (1997a,b) found that climate variability delays the spawning time of fish by up to 2 mo in near-coastal areas, and that recruitment variability of western mackerel and the 3 gadoids (North Sea cod, saithe and whiting) was highly correlated with the variability of North Sea SSTs. Thus, the high recruitment success of species such as L. holsatus between 2002 and 2004 might be related to direct positive effects of temperature on the reproduction cycle of this species.
Another explanation might be that the increasing temperatures influence the migration patterns of species, since migration is triggered mostly by changes in temperature (see above, this section). Thus, the increase in abundance of migrating species such as Liocarcinus holsatus, Crangon crangon or Pomatoschistus minutus since 2002-2003 might be a result of the absence of migration due to increased temperature in the German Bight especially in winter.
Salinity is considered to be a major factor that influences plankton communities in the North Sea (e.g. Edwards et al. 2002) . Beare et al. (2002) reported a long-term freshening of the eastern North Sea and a long-term increase in salinity of the western North Sea. In the German Bight, salinity is largely influenced by runoff from continental rivers, and varied largely over time and space (Becker et al. 1992 ). During our study period, extreme low salinities in the German Bight were found in 2001, persisting during the first half of 2002 (ICES 2003) . However, these low salinities have had no obvious effects on epifauna, probably due to the ability of epifaunal species to adapt to the large variability in salinity in the German Bight. Beare et al. (2002) also found a decrease in stratification east of ca. 5°E, and an increase in Atlantic inflow via the English Channel. Both factors were strongly correlated with the NAOI, and have a major effect on the variability of zooplankton communities in the North Sea (Ottersen et al. 2001 , Beare et al. 2002 . Reid et al. (2003) reported that Atlantic inflow contributes > 90% of the nutrient input into the North Sea. Thus, we cannot exclude synergistic positive effects of Atlantic inflow and temperature on primary production. However, most of the variability in zooplankton communities was related to inflow via the northern entrance of the North Sea, which was less important for the German Bight than the inflow via the English Channel or the Baltic outflow. Furthermore, thermohaline stratification (Fig. 2) revealed no obvious changes over the study period. Generally, the German Bight is unstratified in winter, and only weakly stratified (or not stratified at all) in summer (Otto et al. 1990 ). This is confirmed by temperature profiles from the present study, revealing a well mixed water column in the study area from 1998 to 2007, with the exception of weak stratification in the summers of 2002, 2003 and 2006 (Fig. 2 ). This appears to contradict the long-term trend by Beare et al. (2002) , but has had no ecological effects, according to our results. Thus, we conclude that temperature (at a decadal time scale) is the dominant factor influencing the temporal variability of epifaunal communities in the German Bight. 
